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A B S T R A C T

The eddy covariance technique is a widely used and accepted method to quantify ecosystem-scale mass

and energy fluxes. Eddy covariance measurements of evaporation, also known as evapotranspiration, are

used to determine local, regional and global water budgets, calibrate and validate land surface models,

and acquire understanding of ecosystem processes. This paper assesses the accuracy of eddy covariance

evaporation measurements by comparing them with those derived from small watershed water

balances. Comparing thirteen years of data from shrubland, grassland and savanna sites in southern

Arizona USA, the two independent measures agreed to within an average of 3% annually and differed

from �10 to +17% in any given year, when an assumed 5% underestimation in precipitation due to gage

undercatch was considered. The agreement between the two measures was generally better in drier

years and at less topographically complex sites. Despite an indication of a systematic underestimate of

evaporation by a commonly used assessment of the energy balance, forcing energy balance closure on

evaporation led to worse results for nine of the thirteen annual periods but improved multiyear sums at

two of the three sites.
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1. Introduction

Measurements of the energy and mass exchange at the land–
atmosphere interface are critical for determining local, regional
and global budgets, land surface model testing, and understanding
ecosystem processes. The eddy covariance technique has become
the standard for monitoring energy and mass fluxes, especially
water vapor and carbon dioxide (Aubinet, 2000; Baldocchi, 2003),
and the global network of monitoring sites has sparked a
revolution in the understanding of these exchanges (Baldocchi,
2008; Baldocchi et al., 2001). Because eddy covariance measure-
ments are so pervasive and extensively used to quantify these
fluxes, there is a continual need to assess the accuracy of these
measurements as opportunities arise.

The energy balance near the land surface can be written as:

Rn � G� Qb � Qp ¼ lEþ H (1)

where Rn is the net radiation, G is the soil heat flux, Qb is the storage
of heat in the biomass and air between the measurement height
and ground surface, Qp is the amount of energy consumed by
photosynthesis or released by respiration, and lE and H are
the latent and sensible heat fluxes, respectively. The accuracy of
the eddy covariance measurements is often assessed by comparing
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the left-hand side of Eq. (1), measured with radiometers, ground
heat flux plates, and temperature probes, with the right-hand side
of Eq. (1), measured with eddy covariance (Aubinet, 2000; Wilson
et al., 2002). Eddy covariance measurements are often used to
quantify other mass exchanges (most commonly, carbon dioxide)
but the accuracy of these measurements is more difficult to
determine (Baldocchi, 2003; Goulden et al., 1996). It is sometimes
assumed that Eq. (1) can be used to assess the accuracy of these
other fluxes as well even though this might not be accurate (Barr
et al., 2006; Liu et al., 2006; Twine et al., 2000).

One of the persistent concerns with eddy covariance is the
‘‘closure problem’’, where the sum of the terms on the right-hand
side of Eq. (1) is often less (typically ranging from 5 to 30%) than
the sum on the left-hand side, indicating that the energy balance is
not closed (Blanken et al., 1997; Oncley et al., 2007; Wilson et al.,
2002). There is considerable disagreement among researchers as to
whether this is indeed a problem. Numerous studies have pointed
out that available energy is also difficult to quantify; often Qb and
Qp are neglected and/or under-sampled, and the source areas for
the sensors used to quantify the terms of left-hand side of Eq. (1)
are fixed and often much smaller than the constantly shifting
source area for the turbulent fluxes (Anthoni et al., 2000; Aston,
1985; Kustas et al., 1998, 2000; Mayocchi and Bristow, 1995; Sauer
et al., 2003; Schmid, 1997). So, some have argued that when the
available energy terms are duly accounted for, closure has been
achieved (Haverd et al., 2007; Meyers and Hollinger, 2004) while
other very comprehensive experiments could not (Oncley et al.,
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2007). On the other hand, others have found that when the
covariances are computed over the proper time interval (which can
be much longer than the typical 30 min period) or with certain
techniques (e.g., frequency response corrections) energy balance is
achieved (Finnigan et al., 2003; Wolf et al., 2008). Finally, other
studies have suggested that problems with the widely used
instrumentation itself (e.g., sonic anemometer cosine errors) may
be the problem (Gash and Dolman, 2003; Van Der Molen et al.,
2004).

In this study, the accuracy of evaporation (also known as,
evapotranspiration) measurements by eddy covariance (E) is
assessed by comparing them to a site’s seasonal or annual water
balance estimate of evaporation (E*) characterized by:

E� ¼ P � R�Du (2)

where P is precipitation, R is runoff, and Du is the change in soil
water storage. Measurements of E and E* for thirteen site-years at
three semiarid sites in southern Arizona, USA are compared. The
three sites are located in or very near small (<4 ha) headwater
catchments that are instrumented to measure ephemeral, surface
runoff on a scale commensurate with the typical eddy covariance
footprint. The watersheds have little percolation beyond the root
zone so subsurface runoff can be neglected (Scott et al., 2009,
2000). Also, nearly all the dynamics of soil water redistribution
occur within the upper 1 m of soil so arrays of soil moisture probes
are used to quantify Du.

Previous studies have found relatively good agreement
between eddy covariance and other independent measurements
of E, but they have been inconclusive in regards to adjusting the
turbulent fluxes to force energy balance closure. Barr et al. (2000)
used a large-scale lysimeter approach to estimate evaporation that
agreed within 6% of the eddy covariance measurement over two
Fig. 1. Site layout a
years, but there was too much uncertainty in both estimates to
warrant conclusions regarding forcing closure. Wilson et al. (2001)
found that eddy covariance and watershed estimates agreed
within �50 mm annually and both averaged around 580 mm over
a five year period in a mixed-deciduous forest. Schume et al.
(2005) found a good agreement (<1 mm) between soil water
depletion estimates and eddy covariance over a shorter 17-day
period, despite complex terrain and lack of energy balance closure.
Finally, Kosugi and Katsuyama (2007) determined a three-year
average estimate of 735 mm using eddy covariance and 749 mm
using catchment water balance, but they needed to force closure to
get this agreement.

2. Site descriptions

The three sites monitored in this study were the Santa Rita
Mesquite Savanna, the Lucky Hills Shrubland, and the Kendall
Grassland, monitored and maintained by the USDA Agricultural
Research Service (Fig. 1). The savanna site (31.8218N, 110.8668W,
elevation: 1116 m) located in the Santa Rita Experimental Range,
45 km south of Tucson, AZ, is a semidesert grassland that has been
converted into a savanna by the encroachment of the woody tree,
Prosopis velutina Woot. (see Scott et al., 2009 for site details). The
shrubland site (31.74388N, 110.05228W, 1370 m) located in the
USDA-ARS Walnut Gulch Experimental Watershed (WGEW)
surrounding the town of Tombstone, AZ is a desert shrubland,
dominated by a diverse stand of mainly Chihuahuan desert shrub
species (Scott et al., 2006). The grassland (31.7378N, 109.9428W,
1531 m), also located in WGEW, is a semidesert grassland
comprised mainly of C4 grasses with a few scattered shrubs
(Emmerich, 2003). Average annual rainfall ranges from 320
(shrubland) to 380 mm (savanna) with 50–60% of the rainfall
nd topography.
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arriving around the summer months of July–September as part of
the North American Monsoon (Adams and Comrie, 1997).

3. Measurements and methods

3.1. Environmental measurements

Above-canopy net radiation (Rn) was measured at �3 m above
the canopy using a 4-component radiometer (CNR1, Kipp & Zonen,
Delft, The Netherlands) at the savanna and grassland site and a 2-
component net radiometer (CNR2, Kipp & Zonen) at the shrubland
site. Also at these heights, photosynthetically active radiation
(PAR; LI-190, LI-COR, Lincoln, NE) sensors measured upwelling and
downwelling fluxes. Ground heat flux was measured with soil heat
flux plates (REBS Inc., Seattle, WA) installed 0.05 m below ground
level under both inter-canopy and under-canopy positions (n = 8 at
the savanna and n = 5 at the shrubland and grassland). Average soil
temperature for 0–5 cm soil depth was determined by averaging
the 2 and 4 cm thermocouples located above each of the soil heat
flux plates. Measurements of the rate of change of soil temperature
above the heat flux plates in combination with the soil bulk density
and soil water content allowed calculation of the soil heat flux at
the surface (G) by determining the changes in heat storage of the 0–
5 cm soil layer. The storage or loss of heat from the biomass and
between the ground and the flux measurement height (Qb, Eq. (1))
was not considered in this study, but it was expected to be small
due to the short tower heights and small amounts of biomass (Scott
et al., 2009). Likewise, the energy associated with the carbon
dioxide flux, Qp, was ignored.

Precipitation (P) was quantified at the sites by using a 0.2 m-
orifice, tipping-bucket rain gage (TE525, Campbell Scientific, Inc.)
mounted at 1 m above the ground at the savanna and weighing
gages consisting of a Belfort 0.2 m-orifice weighing-recording
gages installed so that the top edge of the gage orifice was
nominally 0.9 m above the ground at the shrubland and grassland
(Goodrich et al., 2008). At all the sites there was either an
additional precipitation gage at or near the site (<0.5 km), and
these were used as a check on the accuracy of the primary
precipitation gage. The difference between the primary and check
gage annual totals averaged less than 5 mm.

A combination of flumes and weirs measured surface runoff (R)
from the small headwater catchments (Stone et al., 2008). The flux
tower at the shrubland is located on the upper, northern edge of
WGEW catchment #102 (1.5 ha, Fig. 1). The flux tower at the
grassland is positioned on the upper southern end of WGEW
catchment #112 (1.9 ha). At the savanna, runoff is quantified for
four small, 1–4 ha catchments located 1.5 km east the site (http://
www.tucson.ars.ag.gov/dap). Watershed #6 (3.1 ha) was used
because its loamy sand soils are the most similar to those
surrounding the savanna site (Lane and Kidwell, 2003). This data
revealed an unusual step change in runoff starting in 2004 and
continuing through 2008 where the average runoff ratio (R/P) for
this period was 8.5%, but the 1974–2003 average runoff ratio
equaled to 1.5%. Because there was no evidence to tie this unusual
step change in the runoff ratio to an actual change in the runoff
processes around the tower location, and the fact that the deep,
loamy upland soils at the savanna produce very little runoff at the
small plot scale (Emmerich and Cox, 1992), the runoff measure-
ments for the savanna were suspect and may be overestimated.

Volumetric soil water content (u) in the upper �1 m of soil was
quantified using all the available soil moisture probes located at
each site to determine the change in near-surface soil moisture
storage (Du). None of the sites showed changes in soil moisture
below 1 m so it was appropriate to focus on the upper 1 m of soil.
At all the sites, probe output was converted to u using site-specific
calibration curves produced in the laboratory with site soils packed
in a column to site-measured bulk densities. For the savanna, u was
determined using a canopy-weighted-average from 5, 10, 20, 30,
50, 70, 100 cm depths located in a profile in an open area and
another beneath a tree canopy using commercial TDR-type probes
(CS616, Campbell Scientific). For the shrubland, u was measured
using a TDR-array of probes at 5, 15, 30, 50, 75 and 100 cm at
multiple profiles located at mid-slope in the watershed. For the
grassland averages of three different hilltop locations were used
for 5 and 15 cm depths and values from one TDR profile on a
nearby, south-facing hillslope were used for the 30, 50, 70 and
100 cm depths.

3.2. Eddy covariance

Three-dimensional, sonic anemometers (CSAT-3; Campbell
Scientific) and open-path infrared gas analyzers (LI-7500, LI-COR)
were mounted at �5 m above the height of the vegetation to
measure the three components of the wind velocity vector, sonic
temperature and concentrations of water vapor and carbon dioxide.
Data were sampled at 10 Hz. Whenever mean afternoon gas
concentrations drifted a sufficient amount (i.e., [CO2] differed more
than �10 ppm of expected seasonal values or [H2O] was farther than
��1 g m�3 from that determined by the temperature/relative-
humidity probe), the IRGA windows were cleaned. Often, these drifts
in gas concentrations were due to a dirty window, but if cleaning the
windows did not correct the problem, the IRGAs were zero- and span-
calibrated (typically every few months) using a CO2/H2O–free gas, a
standard [CO2] gas, and a dew point generator. Covariances were
calculated by first filtering spikes and then using a 30-min block
average. The coordinate frame was rotated using the planar-fit method
(Lee et al., 2004), frequency domain corrections for path length
averaging and sensor separation were applied (Massman, 2001), and
density fluctuations were accounted for (Webb et al., 1980) in the
calculation of the fluxes. The sonic temperature was used to calculate
sensible heat flux using the method suggested by (Paw et al., 2000)
which accounts for a missing energy balance term associated with the
expansion of air during evaporation under constant pressure. Fluxes
measured when the wind was blowing from the direction within � 58
of the back of the anemometer (�2% of the data) were omitted due to
possible interference from the anemometer support and the IRGA
mounted behind the anemometer. These sites are a part of the
Ameriflux network, and their instrumentation, processing software,
and techniques have been tested and verified with the network’s ‘‘gold-
standard’’ (http://public.ornl.gov/ameriflux/).

The fetch at all of the sites is representative of the cover
immediately surrounding the towers over several kilometers. The
savanna site is fairly flat, but broadly sloping at �3.5% from
southeast to northwest (Fig. 1). Both the shrubland and the grassland
sites have more topographical variation and the towers sit upon
ridge tops of the small headwater catchments (Fig. 1). The shrubland
slopes away from the tower at 5% to the south, 3% to the west and is
fairly flat to the north and east. The grassland slopes away from the
tower at �10% to the northwest and southeast, at 9% to the
southwest and is flat to the northeast over a horizontal distance of
�200 m. There was likely a greater mismatch between the source
area of the available energy (Rn� G) that was derived from these
ridge-top locations and the fluctuating turbulent flux source areas
(Schmid, 1994) which were often located on sloped surfaces with
different aspects. Using the model of Kljun et al. (2004) with typical
daytime conditions, peak location and along-wind extent of the 90%
cross-wind integrated flux footprint ranged narrowly from 76–95 to
210–230 m, respectively, for all three sites.

The flux data were filtered for spikes, instrument malfunctions,
and poor quality (representing �10% of the measurements). The
rejection criteria used to screen data were: rain events, out-of-
range signals, and spikes with the standard deviation of [H2O] or
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Table 1
Energy balance assessment for the three sites using 30 min values of Rn, G, lE and H.

Site lE + H = m(Rn�G) + b
P

lEþHP
Rn�G

m b R2

Savanna 0.83 12.73 0.96 0.96

Shrubland 0.81 13.12 0.94 0.97

Grassland 0.73 23.80 0.92 1.04
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[CO2] greater than two standard deviations from the mean
determined on a yearly basis. A u* filter, which is commonly used
for CO2 fluxes (Malhi et al., 1998) was not applied to H and lE.
However, the findings of Barr et al. (2006) that suggest the need to
reject H and lE for low u* values were considered. Similar to their
results, energy closure improved for increasing values of u* with no
clear daytime threshold beyond which it plateaued, but the
improvement was much smaller (<5% over full range of threshold)
than their results, perhaps due to the much shorter tower heights
in this study. Annual gap-filled evaporation changed less than
5 mm when a u* filter of 0.15 m s�1 was evaluated (threshold
previously used for CO2 fluxes at the savanna by Scott et al., 2009).

Daily evaporation was calculated by first filling the gaps in the
30 min data using 14-day moving-average look-up tables of E and
incoming PAR, averaged over 100 mmoles m�2 s�1 intervals (Falge
et al., 2001) and separated into morning or afternoon periods.
Varying the 14-day gap-filling period from 7 to 28 days resulted in
very little changes in annual sums because under or over estimates
of filled gaps tend to sum to the average flux over the year. Also, the
amount of gaps filled was small (�10%). Linear interpolation was
used to fill any gaps in daily E that occurred when a site lost power.

4. Water balance

Eddy covariance measurements started in 2004 and continued
till present at the savanna and grassland sites. Shrubland flux
measurements also began in 2004, discontinued in February 2005,
and resumed in mid-2007.

Below the eddy covariance and water balance estimates of E are
compared by looking at the difference between the terms:

e ¼ E� � E (3)

on a yearly basis and for consecutive multiyear periods. When
doing this, the recommendation of Twine et al. (2000) is also
evaluated. They suggest that forcing closure is justified when
available energy is known and errors in its measurement modest.
In this study, errors in available energy were likely similar to those
of Twine et al. (2000), who estimated an uncertainty of �10%. To
force closure, E was divided by the average of (lE + H)/(Rn � G)
computed daily. This results in closing the energy balance on a
daily basis, rather than for every 30 min period. This was preferable
because energy storage was unmeasured but likely averages out to
near zero on a daily basis.

In addition to the closure adjustment suggested by Twine et al.
(2000), the effect of precipitation gage undercatch was considered.
Undercatch is a well-documented effect that results from a
systematic underestimation of rainfall when using rain gages that
able 2
avanna water balance (all units in mm). In italics, percent error as a ratio of the residual over the precipitation (� indicates losses>P).

2004* 2005 2006 2007 2008 All

Precipitation (P) 285 335 289 330 402 1640

Evaporation (E) 293 338 290 321 408 1650

Closure-forced evaporation (Ef) 321 357 311 347 441 1778

Runoff (R) 2 42 34 24 39 141

Change in soil moisture from 0 to 1 m (Du) �1 �3 9 23 �8 20

P�E�R�Du �9 �43 �44 �38 �37 �171

�3% �13% �15% �12% �9% �10%

1.05P�E�R�Du 5 �26 �30 �22 �17 �89

2% �7% �10% �6% �4% �5%

P�Ef�R�Du �37 �62 �66 �64 �70 �299

�13% �19% �23% �19% �17% �18%

1.05P�Ef�R�Du �23 �45 �51 �47 �50 �217

�8% �13% �17% �14% �12% �13%

* Jan. 4, 2004–Dec. 31, 2004.
T
S

are exposed to the wind (Larson and Peck, 1974). Wind effects
around the orifice have the effect of reducing the amount of rain that
falls into the orifice and depends on the gage setup, wind speed and
drop-size distribution (Sieck et al., 2007). For the type and setup of
weighing rain gages used at the shrubland and grassland, under-
catch is estimated to be 5% (Duchon and Essenberg, 2001). While less
is generally known about the systematic errors of the tipping-bucket
gage used at the savanna (Fankhauser, 1997; La Barbera et al., 2002),
the same 5% error was used because of the size and height of the
orifice was similar to the gages at the other sites.

5. Results

The 30-min data were used to compute both the slope and the
intercept of the regression line lE + H = m[Rn � G] + b and the ratio
of the sum of the turbulent fluxes over the available energy
ð
P

lEþ H=
P

Rn � GÞ to provide two different measures of energy
balance closure (Table 1). The slope of the regression line in all
cases was less-than-unity and the intercepts were all positive,
which resulted in ratios of the sum of fluxes that are higher than
the slopes of the regression lines. The ratio of (

P
lEþ H=

P
Rn � G)

computed on a daily basis was generally lower (�0.8–0.9) in the
summer months and higher (�1.0–1.1) in the winter (data not
shown).

Precipitation (P) and E dominated the water balance at each site
and for all years with R and Du being much lower (Tables 2–4).
Fig. 2 presents an example of these fluxes for 2008 at the grassland.
The other years and other sites (not shown) followed the same
general pattern of cumulative E usually exceeding P and depleting
u after the typical, fore-summer drought (April–June) and then
with E lagging behind P, and u increasing, during the summer
monsoon (July–September). In fall (October–December) E declines
as the vegetation down-regulates and soil evaporation declines in
response to decreasing soil moisture, colder temperatures, and
reduced light.

At the savanna, E was nearly equal to P in most years so the
difference (e, Eq. (3)) was always negative implying an over-



Table 4
Grassland water balance (all units in mm). In italics, percent error as a ratio of the residual over the precipitation (� indicates losses>P).

2004* 2005 2006 2007 2008 All

Precipitation (P) 191 162 274 313 312 1252

Evaporation (E) 197 192 204 276 262 1131

Closure-forced evaporation (Ef) 224 189 220 299 280 1212

Runoff (R) 2 0 43 17 31 93

Change in soil moisture from 0 to 1 m (Du) �5 �28 14 5 �12 �26

P�E�R�Du �2 �1 13 15 31 55

�1% �1% 5% 5% 10% 4%

1.05P�E�R�Du 7 7 27 31 47 118

4% 4% 9% 9% 14% 9%

P�Ef�R�Du �29 2 �3 �8 13 �26

�15% 1% �1% �3% 4% �2%

1.05P�Ef�R�Du �20 10 10 7 29 37

�10% 6% 4% 2% 9% 3%

* May 8, 2004–Dec. 31, 2004.

Table 3
Shrubland water balance (all units in mm). In italics, percent error as a ratio of the residual over the precipitation (� indicates losses>P).

2004* 2005 2006 2007** 2008 2007–2008

Precipitation (P) 140 209 265 474

Evaporation (E) 139 161 247 409

Closure-forced evaporation (Ef) 145 182 270 452

Runoff (R) 0 25 32 57

Change in soil moisture from 0 to 1 m (Du) 5 �4 �4 �8

P�E�R�Du �4 27 �10 17

�3% 13% �4% 4%

1.05P�E�R�Du 3 37 3 40

2% 17% 1% 8%

P�Ef�R�Du �10 6 �32 �27

�7% 3% �12% �6%

1.05P�Ef�R�Du �3 16 �19 �3

�2% 7% �7% �1%

* May 5, 2004–Feb. 1, 2005.
** June 29, 2007–Dec. 31, 2007.
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estimate of water leaving the system and/or an underestimate of
incoming water with results for e ranging from �15 to �1% of P

(Table 2). When considering a probable 5% undercatch error in P,
the results improved to within �10 to 2%. Forcing closure on E (Ef)
Fig. 2. Example of water balance components (Eq. (2)) for 2008 at the grassland site

showing cumulative fluxes of precipitation (P), evaporation (E), and runoff (R) along

with total storage of soil moisture (u) in the top 1 m of soil.
increased the annual evaporation by 6 to 14% and generally made e
more negative (further out of balance). The five-year totals also
showed a better agreement between the watershed and eddy
covariance estimates of evaporation for the non-forced case.

At the shrubland, E was nearly equal to P in the driest year and
less than P in the other two years that had runoff (Table 3). The
ratio e/P was small and negative in 2004 (�3%) and 2008 (�4%) and
larger (13%) and positive in 2007. The residual in 2004 and 2008
was still small after including the 5% undercatch factor (<3%), but
it increased to 17% in 2007. Forcing closure at this site increased E

by about 4% in 2004 and by 11% in 2007 and 2008. This had the
effect of reducing e to approximately 7% of P in 2007 (1.05P case),
but little improvement was made for the water balances in 2004
and 2008. For the 2004 period, both the height of the eddy
covariance system and the net radiometer were mounted closer to
the surface (by �3 and 1 m, respectively). Considering the two
consecutive years together, forcing closure improved the results
(within 2% for 1.05P case) relative to not changing evaporation (8%
difference).

At the grassland e was small in 2004 and 2005 and more
positive (E < P � R � Du) in 2006–2008, so when accounting for
gage undercatch it increased to values ranging from 4 to 14% of P

(Table 4). Forcing closure changed E by�2 to +14% which increased
e in 2004 and 2005 and decreased it for 2006–2008. When forcing
closure and accounting for undercatch, e ranged from�10 to +9% of
P. Forcing closure considerably improved the results for the five-
year total.
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6. Discussion

Measures of energy balance closure for the three sites used in
this study (Table 1) were in the range of those measured at many
other sites (Wilson et al., 2002). The less-than-unity slopes and the
positive intercepts indicate that lE + H was usually less than
Rn � G for high values of Rn � G and often greater than Rn � G for
low values. Taken at face value, these slopes seem to imply that E

was systematically underestimated by �17–27% at the sites
because the majority of the evaporation occurs in daytime and in
the time of year when Rn � G is high. On the other hand, the
summed closure ratios (

P
lEþ H=

P
Rn � G) were much closer to

unity and may imply some measurement problems with the
available energy on both a daily and seasonal basis. Using daily
averages, the slopes of Rn � G versus lE + H were closer to 0.9 (data
not shown) rather than the �0.8 slopes on a 30-min basis. This
could be because the other storage terms (Qb and Qp) were not
included and/or G was underestimated, as the storage terms
generally sum to near zero over the course of the day. The annual
cycle in the ratio of daily closure ratio, which was typically higher
in the winter and lower in the summer, also contributed to the
well-balanced ratios of the annual sums (Table 1). This seasonality
appears opposite of the behavior found in survey of sites by Wilson
et al. (2002) and its cause could not be determined.

Both the savanna and the shrubland had very similar closure
measures whereas the grassland differed. This may be due to
greater topographical relief at the grassland (Fig. 1) where the
available energy measurements are on top of the hill but the source
area of the turbulent fluxes was more likely to be located on sloped
surfaces with different aspects. For example, a daytime measure-
ment of available energy would be exposed at higher sun angles
relative to a flux footprint derived from a northwesterly facing
aspect from the predominant northwest wind direction. This
available energy mismatch, however, appears to be compensated
in part by the oppositely signed mismatch of source-area
footprints at nighttime such that the ratio of the sums of turbulent
fluxes and available energy is more balanced (Table 1).

It is important to remember the additional degree of uncertainty
in this analysis due to the spatial-scale mismatch between the two
estimates of E. Accordingly, site topography appears to have played a
role in this study as the flatter, more uniform savanna had the best
agreement between E and E* and the most complex grassland site
had the greatest disagreement. Complex topography presents a
challenge for both measuring turbulent fluxes and estimating
watershed evaporation. For the former, the boundary layer flows are
more complex and challenge basic assumptions made for eddy
covariance calculations (Finnigan, 2004). Also, redistribution of
water on a hillslope increases the heterogeneity of the scalar source
and sinks within the flux footprint. For the water balance estimate,
lateral and vertical redistribution of water on the hillslope leads to
more uncertainty in the quantification of runoff and soil moisture
storage terms that are representative of the turbulent flux footprint.
For example, the grassland has a large swale in the middle of the
watershed which intercepts much of runoff coming off the
convergent hillslope before it exits the watershed at the weir
(Nearing et al., 2007). Thus, the water balance of the flux source-
area-integrated annual footprint is biased toward the drier hilltop
location which is probably not accurately represented in the runoff
and soil moisture storage measurements.

This study using the annual water balance for ten nearly
complete years and three partial years at three sites is further
confirmation that eddy covariance can provide accurate estimates
of evaporation (Barr et al., 2000; Kosugi and Katsuyama, 2007;
Schume et al., 2005; Wilson et al., 2001). Considering the most-
likely case of the underestimation in rainfall being 5%, annual eddy
covariance estimates of evaporation appear to be highly accurate
in comparison with the watershed estimates with a mean
difference of less than 3% of total precipitation. This is remarkable
when considering the very intermittent and ephemeral measure-
ments of P and R in comparison to the nearly continuous 10-Hz
sampling for the eddy covariance measurements along with the
associated error-checking and gap-filling that are needed to
produce long-term sums.

On an annual basis, the accuracy of evaporation using eddy
covariance appeared greatest at the savanna site with a yearly
disagreement with the watershed evaporation less than 31 mm, or
11% of P, and a mean difference of �5%, indicating a tendency for E

to exceed E* which may have been due to a problem with the runoff
estimate (see Section 3). At the shrubland, the disagreement was
3 mm, or less than 3%, in two of the years but ballooned to 37 mm,
or 17%, for June–December 2007. The agreement between the two
approaches at the grassland was worse than the other sites but still
within 31 mm, or 10%, except for 2008 when it was about 14%. At
the grassland and shrubland, there was a tendency to have better
agreement in drier years. This lends support to the idea that
topographical complexity may have complicated the comparison
because the years with larger hydrologic fluxes would exaggerate
the differences in the spatial representativeness of the water
balance and eddy covariance measurements.

The slope and intercept of the regression line between available
energy and the sum of the turbulent fluxes are a commonly used
statistic to quantify energy balance closure. According to this
measure, there was a systematic energy imbalance that varied
both on a daily and annual basis at all of the sites. However, on a
seasonal to yearly basis, the justification for forcing closure using
the method suggested by Twine et al. (2000) was ambiguous. Nine
of the thirteen years showed the same or less disagreement
between the eddy covariance and watershed evaporation when
closure was not forced (jE* � E j�j E* � Efj). Yet, there was some
evidence of a systematic underestimation of E (or overestimation
of E*) at the shrubland and grassland so forcing closure at these
sites was an improvement when comparing multiyear sums.
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